I. INTRODUCTION
Differential space-time modulation (DSTM) [1] - [3] is an easily implemented and attractive transmit diversity method. DSTM can achieve full diversity over the flat fading channels and has no need of channel state information (CSI) at both transmitter and receiver. In order to utilize DSTM over frequency selective fading channels, orthogonal frequency division multiplexing (OFDM) [4] , which converts the frequency selective channel into a set of flat fading subchannels, was combined with DSTM [5] , [6] . In frequency selective channels, frequency (multipath) diversity is an extra diversity resource besides space diversity and can be maximized by applying subcarrier grouping [7] which divide the OFDM carriers into groups of resolvable subcarriers. To achieve full frequency-space diversity, a differential unitary space-timefrequency coding (DUSTFC) scheme was proposed in [5] by incorporating subcarrier grouping and differential unitary space-time modulation (DUSTM) [2] , [3] with group design.
It is well known that conventional (two-symbol observation) differential detection has a considerable performance loss comparing with coherent detection. Multiple-symbol differential detection (MSDD) [8] , which was first presented for differential phase shift keying (DPSK), is effective to compensate for such a performance loss. The basic idea of MSDD is to extend the observation interval to more than two symbols and make a joint decision on those several symbols simultaneously instead of symbol-by-symbol detection as in conventional differential detection. In this paper, MSDD is applied for DUSTFC to enhance its performance. Since the differential coding of DUSTFC can be performed in both time or frequency domain, MSDD can be applied for both the cases.
In fast fading channels, to derive the decision metric of MSDD, fading autocorrelation have to be considered. Though in some work such as [9] and [11] , the fading autocorrelation has been considered to derive the decision metric in time domain; to the best knowledge of the authors, in frequency domain little work has been done on deriving the decision metric by taking into account the fading autocorrelation. In this paper, both decision metrics of MSDD in time and frequency domain are derived by considering the time and frequency fading autocorrelation respectively. Simulation results demonstrate the performance gain by applying the derived decision metrics in fast flat, fast frequency selective Rayleigh fading channels.
The rest of this paper is organized as follows. In Section II, we introduce the system model. In Section III, DUSTFC is reviewed. The decision metrics are derived in Section IV. The simulation results are given in Section V and finally the conclusion is in Section VI.
II. SYSTEM MODEL
We consider a wireless communication system with N t transmit antennas and N r receive antennas. The channel between each transmit and receive antenna is assumed to be frequency-selective multipath Rayleigh fading with channel order L. The number of OFDM subcarriers is N c . The transmitted signals are grouped in blocks of size N x , and we assume N x = N t in this paper. At time
is transmitted by the µth antenna on subcarrier p. Assuming ideal timing and carrier synchronization, and a cyclic prefix (CP) length greater than channel order L, after FFT processing, the received signal of s p µ (N t τ + k) at receive antenna ν can be expressed as 
We can recast (1) to an equivalent matrix form as
where
III. DIFFERENTIAL UNITARY SPACE-TIME-FREQUENCY CODING

A. Subcarrier Grouping
To achieve a full diversity order of with low complexity design, subcarrier grouping is utilized in DUSTFC. Using subcarrier grouping, the total N c subcarriers are partitioned into N g groups of subcarriers and each group has M + 1 subcarriers, i.e.
It is obviously that the diversity order will be
Equispaced subcarrier grouping scheme is used and therefore the (m+1)th subcarrier in gth group is subcarrier
The received signals of all the subcarriers in group g can be rewritten as
B. Differential Encoding
Let G be a finite group of (M + 1)N t × (M + 1)N t unitary matrices with V elements. For a data rate of R bits per subcarrier use, we need to design G with cardinality
It is known that the differential encoding of DUSTFC can be performed in both time and frequency domain [6] . In time domain, the transmitted codeword from the gth group can be gotten by
where the (M +1)N t ×(M +1)N t unitary matrices V g (τ ) ∈ G conveys the transmit information and I M is a M × M identity matrix. Similarly, in frequency domain the transmitted codeword is
C. Abelian Group Constellations
The group G of is assumed to be Abelian. As shown in [5] , the elements of G are diagonal matrices and at rate R the optimal Abelian group G of DUSTFC in the sense of maximizing the coding advantage is the optimal Abelian group for a flat fading channel with T = (M + 1)N t transmit antennas with the same rate R. Therefore, the lth element of G is
where u m ∈ {0, . . . , V − 1}, 1 ≤ m ≤ T . And the optimal design of u 1 , . . . , u T can be find by satisfying
IV. MULTIPLE SYMBOL DIFFERENTIAL DETECTION
Since the differential encoding can be performed in both time and frequency domain, decision metrics of time and frequency domain MSDD for DUSTFC are derived respectively. Here we assume the observation interval of MSDD consists of N blocks.
A. Decision Metric of Time Domain Differential Detection
When time domain differential encoding is performed, the received sequence blocks from time τ − N + 1 to time τ of group g can be expressed as
whereȲ
T and the superscript 'T ' denotes the transpose operation. When the receiver have no CSI, the probability density function (PDF) of received signalȲ g conditioned onS g is given by
g )} (10) where 'tr' denotes the trace function. Λ = E{Ȳ gȲ H g |S g } is the covariance matrix ofȲ g . 'E' denotes expectation and the superscript 'H' denotes the Hermitian operation (transpose conjugation). SinceH g is independence withN g , Λ can be rewritten into
Because h l µν (t) was assumed to be spatial and multipath uncorrelated, we have E{h l µν (t)h l * µ ν (t )} = 0 (l = l and/or µ = µ and/or ν = ν ) (12) where the superscript ' * ' denotes the complex conjugation. And the time domain fading autocorrelation can be modeled as [10] 
where f D is the maximum Doppler frequency, T s is the sample period, and J 0 (·) is the zeroth order Bessel function of the first kind. Set ρ
and
where ⊗ denotes the Kronecker product and
To calculate the inverse matrix of Λ l , we can use the matrix inversion lemma
, following a similar process as in [11] , we can finally get
Since the natural logarithm is a monotonically increasing function of its argument, then maximizing p(
, and taking logarithm of (10), after ignoring the terms which are independent ofS g , we can get the decision metric of time domain MSDD as
where 'Re' denotes the the real part of a complex number and
B. Decision Metric of Frequency Domain Differential Detection
When frequency domain differential encoding is performed, the received sequence blocks from group g − N + 1 to group g at time τ can be expressed as
When the receiver have no CSI, the probability density function (PDF) of received signalȲ(τ ) conditioned onS(τ ) is given by
where the covariance matrix
The time domain fading autocorrelation for OFDM subcarriers is given in [12] as . Using (12) and (23), similar to the situation of time domain differential detection we can get
and following a similar process as time domain differential detection, we can get 
V. SIMULATION RESULTS
In our simulations, a time-varying frequency selective Rayleigh fading channel model is used. An exponential multipath power-delay profile is used for simulating frequency selective fading. To focus on the effect of transmit diversity, here we set the number of receive antenna N r to 1. The transmit antennas are assumed to be independent with each other, the normalized maximum Doppler frequency f D T s is set to 0.01 and the root mean square normalized delay spread σ τ /T s is set to 0.01. We also set the data rate R to 2 and the channel order L to 5. The number of OFDM subcarriers N c is 48, the number of FFT points is 64 and the CP period T g is 16. Since a transmit antenna is acted only once in N t T s period, we can define N t T s as the effective sample period and accordingly N t f D T s is the the effective normalized maximum Doppler frequency. Fig. 1 shows the bit error rate (BER) performance of time domain MSDD for DUSTFC. We can observe that though at low E b /N 0 extending the observation interval has no obviously effect, at relatively high E b /N 0 it leads to a much lower error floor for all the situations especially with a high transmit diversity order. It can be also observed that increasing M lead to a better diversity gain comparing with increasing N t . It is because that when N t increases, N t f D T s also increases, which lead to an equivalent faster fading channel environment. Fig. 2 shows the BER performance of frequency domain MSDD for DUSTFC. It can be observed that, similar with the time domain case, extending the observation interval can lower the error floors of all the situations. We can also observe that the effect of higher N t f D T s is much less in this situation.
VI. CONCLUSION
In this paper, MSDD was applied for DUSTFC over frequency selective fading multiple-input multiple-output (MIMO) channels. The decision metric was derived by con- sidering the fading autocorrelation. Since the differential encoding of DUSTFC can be performed on both time and frequency domain, the decision metrics of time and frequency domain MSDD DUSTFC were derived by considering the time and frequency domain fading autocorrelation respectively. Simulation results demonstrated that extending the observation interval of MSDD can effectively lower the error floors for DUSTFC schemes coded on both time and frequency domain.
